number of one-day-old larvae on each leaf was recorded, and insecticide solutions with a 0.02% wetting agent (Triton X-100) were sprayed sufficiently on both surfaces of leaves with a hand sprayer and put in a chamber with 25°C and daylight for 24 h. Seven days after spraying, the number of normal individuals pupated on the leaves was recorded and the mortality calculated from the number of one-day-old larvae and pupae. Two to four plants (eight to 16 leaves) infested with more than 100 larvae in total were used for each insecticide. The LC 50 value was determined from mortalities at four to five concentrations by probit analysis, and each concentration had three to four replications.
Parasitism in pea fields. Four samples-MK-1, MK-2, TH and YH-of pea shoots were collected from three grower's fields in two areas, Kawazu and Higashiizu, of Shizuoka Prefecture, on May 8 and 25, 2002 (Table 3 ). In the fields, pea seeds were planted from late October to late November of 2001, and insecticides were sprayed four times (on the fields where the sample MK-1 was collected), three times (MK-2) and once (TH and YH) within one month before collection of shoots. The length of shoots from each field was measured and placed in a cage at 25°C for one month, and then the number of emerged adults of C. horticola and parasitoids was recorded.
RESULTS
Larval mortalities of the Shizuoka and Kagoshima populations at the recommended dilutions of the 30 insecticides are shown in Table 1 . In the Shizuoka population, of the five insecticidesphenthoate, malathion, tralomethrin, permethrin and cartap-registered for leafminer control on the pea, cartap produced a comparatively high mortality (99.1%), but phenthoate (1.0%), malathion (1.3%), tralomethrin (25.9%) and permethrin (4.6%) produced low mortalities. Thus, except for cartap, the registered insecticides had no significant effect on C. horticola larvae. Of the unregistered insecticides, isoxathion, emamectin-benzoate, spinosad, cyromazine, fipronil and chlorfenapyr produced 100% mortality for the two populations. Dimethoate also gave 100% mortality for the Kagoshima population. The Kagoshima population had a slightly higher mortality than the Shizuoka population for all insecticides tested.
The LC 50 values of 14 insecticides were measured for the Shizuoka and Kagoshima populations (Table 2 ). In the Shizuoka population, cartap was moderately effective (149 ppm), but permethrin (Ͼ2,000 ppm), phenthoate (Ͼ2,500 ppm) and malathion (Ͼ2,500 ppm) were less effective. Tralomethrin was also less effective, requiring Ͼ70 ppm for minimum dilution (200ϫ). On the other hand, emamectin-benzoate (0.158 ppm), fipronil (0.462 ppm), spinosad (2.79 ppm), chlorfenapyr (6.73 ppm) and cyromazine (9.17 ppm) showed high effectiveness, and isoxathion (31.2 ppm) showed a moderate effectiveness in the population. The LC 50 values of the Shizuoka population were 1 to 5.7 times higher than those of the Kagoshima population.
Phenthoate, permethrin and cartap had been applied in the three fields tested. However, C. horticola was observed with its parasitoids in all four samples collected from the fields ( Table 3) . The sample MK-1 collected 1 d after the last insecticide application had a very large number of leafminers (544 adults per meter pea shoot) and few parasitoids (29 adults/meter). When the parasitoids individually parasitized the leafminer larvae, the percentage of calculated parasitism was very low (5.1%). The sample MK-2 collected 12 days after the last insecticide application gave a moderate percentage (40.2%) of parasitism with a comparative abundance of leafminers (192 adults/meter) and parasitoids (129 adults/meter). Both samples TH and YH collected about one month after the last insecticide application produced a very high percentage (Ͼ99%) of parasitism with few leafminers (1 adults/meter for sample TH and 2 adults/meter for sample YH) and many parasitoids (212 adults/meter for sample TH and 348 adults/meter for sample YH). Thus, there was a negative correlation between the numbers of leafminers and parasitoids. The predominant parasitoid species were Hemiptarsenus varicornis for sample MK-1, Chrysocharis pubicornis for samples MK-2 and TH, and Diglyphus isaea for sample YH.
DISCUSSION
Five insecticides-phenthoate, malathion, permethrin, tralomethrin and cartap-are registered for use in leafminer control on the green pea in Japan. However, data recorded for the laboratory assay revealed that the former four insecticides were not or less effective at their recommended dilution on larvae of C. horticola. In the 1950s, Sekiguchi and Enjoji (1958) reported that malathion was less effective on the leafminer infesting the pea. In Iraq, the insecticide was also less effective on the leafminer (Al-Azawi, 1966) . These findings indicate that malathion may have originally been less effective on the species. On the other hand, phenthoate seems to have afforded good protection to C. horticola until the 1980s, as reported by Sawada (1986) , who recognized a sig- nificant effect of phenthoate on the leafminer on the pea in Chiba Prefecture. However, Togawa and Mizukoshi (1998) recently demonstrated that C. horticola populations collected in Hokkaido, in northern Japan, showed less susceptibility to phenthoate (2,503 ppm of LC 50 ). In the present study, the populations from middle Japan, Shizuoka Prefecture, and Kagoshima Prefecture in southern Japan, also showed less susceptibility to the insecticide with Ͼ2,500 ppm and 1,690 ppm of LC 50 , respectively. This suggests that C. horticola in Japan may have developed resistance to phenthoate across the country since the 1990s. Cartap showed a high mortality to larvae in the Shizuoka and Kagoshima populations at the recommended dilutions, but the insecticide may show insufficient control efficacy in the field because of its comparatively high LC 50 values (149 ppm in the Shizuoka population and 51 ppm in the Kagoshima population).
Isoxathion, fenitrothion, diazinon, dimethoate, acephate and flufenoxuron were reported to be effective on C. horticola (Sekiguchi and Enjoji, 1958; Chiba, 1983; Wang and Yan, 1986; Goel and Kumar, 1992, Togawa and Mizukoshi, 1998) . Of the insecticides, however, only isoxathion showed a high effectiveness in the Shizuoka and Kagoshima populations with 31.2 ppm and 10.8 ppm of LC 50 , respectively, in the present assay. Saito et al. (1992) found that isoxathion was a unique organophosphate with a high effectiveness (33 ppm of LC 50 ) to L. trifolii, which was resistant to organophosphates. However, the mechanism of high effectiveness of isoxathion on such leafminers remains unclear. The effectiveness of dimethoate was high for the Kagoshima population, but low for the Shizuoka population. Flufenoxuron, which was effective on L. trifolii (Saito et al., 1992 (Saito et al., , 1996 , was less effective for the tested populations of C. horticola. It must be noted that emamectin-benzoate (Saito, 1997) and cyromazine (Parrella and Keil, 1984; Trumble, 1985; Saito et al., 1992) , which are effective on L. trifolii, and fipronil, spinosad and chlorfenapyr, which are new insecticides, were highly effective on C. horticola.
Insecticide application often causes outbreaks of leafminers on vegetable and ornamental crops. For example, nonselective insecticides-i.e., permethrin, etofenprox, methomyl and prothiofosinduced outbreaks of the serpentine leafminer, L. trifolii, on the gerbera because they were less effective on the leafminer, but strongly affected their parasitoids (Saito et al., 1996) . This phenomenon is called "resurgence" (Ripper, 1956 ) and has been frequently observed in Liriomyza spp. (Wene, 1955; Getzin, 1960; Oatman and Kennedy, 1976; Johnson et al., 1980; Trumble and Toscano, 1983; Schuster and Price, 1985; Trumble, 1985; Saito et al., 1993 Saito et al., , 1996 . In the present study, C. horticola increased and parasitoids decreased in samples collected immediately after insecticide application, which suggests that the recent large outbreak of C. horticola resulted from the same mechanism as in Liriomyza spp. Saito et al. (1996) found that at least one month was needed for the recovery of a high level of parasitism by parasitoids attacking L. trifolii after the application of nonselective insecticides such as pyrethroids and organophosphates in a gerbera greenhouse. In the present study, a high level of parasitism (Ͼ99%), which caused a decrease in C. horticola numbers, was observed one month after insecticide application. These findings indicate that insecticides that are harmless to parasitoids should be used for pest control in order to keep a low density of C. horticola. Saito et al. (1996) demonstrated that flufenoxuron for lepidopterous insect control, bupurofezin and pyridaben for whitefly control, and dicofol, fenpyroximate and fenbutatin oxide for spider mite control were harmless to parasitoid complexes that attacked L. trifolii. These complexes consisted of species such as H. varicornis, Neochrysocharis formosa, N. okazakii, C. pentheus and D. isaea. This would prove helpful for developing a pest management program for vegetable and ornamental crops infested by C. horticola, since C. horticola and L. trifolii have common parasitoids such as H. varicornis and D. isaea (Saito et al., 1996; Konishi, 1998) .
